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I have underst'ood my assignment a s  a review of some of t he  work done 
i n  high-energy physics with polarized proton t a rge t s  and a descr ipt ion of 
some of the  spec ia l  problems connected with polarized t a rge t s .  
Most of my repor t  w i l l  be based on t he  polarized t a rge t  that  I a m  most 
fan-iliar with -- t h a t  constructed by J e f f r i e s ,  Schultz, Shapiro, and myself. 
This t a r g e t  i s  no longer unique; i n  f a c t ,  it i s  n9p somewhat old-fashioned 
i n  soine respects .  Other polarized proton t a rge t s  a r e  i n  operation a t  CERN, 
Saclay, t h e  Rutherford Laboratory, Argonne National Laboratory, t h e  Soviet 
Union, and t he r e  i s  a t a r g e t  newly i n  operation a t  t he  Erookhaven Laboratory. 
Other t a r g e t s  a r e  i n  operation or  a r e  i n  the  process of design o r  construction 
at  a n h b e r  of o ther  places.  
Unfortunately, none of these  t a r g e t s  consis ts  of pure hydrogen. The 
t a r g e t  mater ia l  most of ten used i s  made of lanthanum magnesium n i t r a t e ,  IHN. 
Abouta  quar te r  o f t h e  weight of thLs c r y s t a l  i s  water; it i s  the  protons with 
i n  t h e  wzter molecules t h a t  a r e  polarized.  Hydrogen cons t i tu tes  only 3 percent 
of t h e  weight of t he  c ry s t a l .  Thi?; means t h a t  sca t te r ing  processes on hydrogen 
w 
must be dis t inguished kinematically from scatteringprocesses involving t h e  
n 
heavy elements of the  t a r g e t  i f  t h e  t a r g e t  i s  t o  be used e f f i c i e n t l y  i n  high- 
energy scaxter ing experiments. I n  f a c t ,  some of' -the experiments one would very 
. i' 
!nwh l i k e  t o  do appear t o  be very d i f f i c u l t .  
i n  LMiI t h e  protons a r e  polarized by=n ind i r ec t  process known as dynamic 
poiarizatA.on. Neodymium ions a r e  added t o  t h e  c r y s t a l  when it i s  grown from 
a water so lu t ion .  The neodymium ions a r e  subs t i tu ted  f o r  lanthanum t o  the  ex- 
t e n t  of  one percent o r  l e s s .  The neodymium ion  has an odd number of e lec t rons;  
it has a doublet ground s t a t e ,  c a l l ed  a Kramers doublet,  t h a t  a c t s  very much 
l i k e  a s i n d e  f r e e  e lec t ron  a s  f a r  as i t s  spin  i s  concerned, but anchored i n  
space t o  a p a r t i c u l a r  l a t t i c e  s i t e .  When t h e  c r y s t a l  i s  properly oriented i n  
a magnetic f i e l d  it has a g f ac to r  t h a t  i s  about 1.3 times a s  g rea t  as t h a t  of 
a f r ee  e lec t ron .  I w i l l  r e f e r  t o  these  neodymium ions as "electrons."  
The c r y s t a l  i s  placed i n  a magnetic f i e l d ,  18 kilogauss i n  our case, and 
i s  held  a t  low temperature by a bath of l i q u i d  helium constantly being pwnped 
on t o  maintain a temperature of about one degree Kelvin. Because of t h e  low 
teuxperature and t h e  high magnetic f i e l d  t h e  e lec t rons  a r e  highly polarized,  a s  
may bc calcula ted using t he  Boltzmann f ac to r .  I n  our t a r g e t  t h e  e lec t rons  a r e  
polarized t o  t h e  extent  of 88 percent .  Because t h e  magnetic moment of t he  pro- 
ton i s  so small, t h e  protons a r e  polarized only t o  t he  extent  of 0.15 percent -- 
t oo  l i t t l e  t o  be use fu l .  However, t h e  protons can be polarized t o  an extent  
comparable t o  t h a t  of t h e  e lec t rons  i f  we use a t r i c k  developed by J e f f r i e s  and 
h4 
by Abragam, sometimes re fe r red  t o  as t he  s o l i d  e f f e c t .  
The t r i c k  cons i s t s  i n  i r r a d i a t i n g  t he  sample with m&crowaves of a f r e -  
quency cho en t o  cause a pa r t i cu l a r  t r a n s i t i o n .  One starts with a Boltzman 
d i s t r i b u t i o n  of s t a t e s  i n  t he  c r y s t a l  but t ' n ~ n  s e l e c t i v d y  d i s tu rbs  t h i s  
Boltzman d i s t r i b u t i o n  t o  accomplish t he  des i red  r e s u l t .  
FLg. 1 helps t o  por t ray t h e  s i t ua t i on .  Imagine t h a t  we have one e lec t ron  
and one proton, side-by-side. There a r e  four  poss ible  s t a t e s  of t h i s  system 
corresgonding t o  t h e  spin  o r ien ta t ion  ( sp in  up o r  spin  down) of each of t h e  
,- ? r i c l s  Bccause t h e  magnetic moment of' t h e  el-ectron i s  much l a rge r ,  t he  
\ 
A should b~ &tout  1000 times grea-ccr illan t h e  small spacing 6. A t  thermal 
c q u i i i b r i m  a t  on? degree t h e  l o w e r  t ~ o  s t a t e s  a r e  t h e  most probable; t h e  
e lec t ron  i s  highly  polar ized and the nyoton i s  hardly polar ized a t  a l l .  Now 
w e  t u r n  on t h e  microwaves a t  such cl i'reyucncy t h a t  we induce t h e  forbidden 
t r a n s i t l o n ,  i n  which both  thc e l~>cc r r>n  an~r  t h e  proton have t h e i r  sp in  reversed 
i t i v e  proton p o l a r i z a t i o n  ( t h a t  i s ,  i n  t h e  same dfl-ection a s  t h e  thermal- 
e q u i l i b r i u m  p o l a r i z a t i o n )  and t h e  othcr causes negative proton po la r i za t ion .  
It i s  not necessary t o  go through t h c  ar i thmet ic ,  but i n  t h e  l i m i t  t h a t  
t h e  microwaves rmy be considered in-tcnse enough t o  completely s a t u r a t e  t h e  f o r -  
bidden t r a n s i t i o n  one can, i n  principle, obta in  proton polar iza t ions  t h a t  a r e  
numerically equal  t o  t h e  i n i t i a l  polar iza t ion of t h e  e lec t rons .  I n  o ther  words, 
vc ~ : L V I :  an  upper l i m i t  of 88 percent f o r  t h i s  method of polar iz ing our protons 
uncicr these  c i rc-mstances  . I n  p rac t i ce  we have r e l i a b l y  measured proton polar-  
iza t ions  of 65 percent ,  and we have ca r r i ed  out experiments i n  which t h e  average 
po la r i za t ion  over many weeks of operat ion was 50 percent .  The French group, in- 
vc~lving Abragsm and Roubeau, r epor t s  that they achieve 72 percent,  and run f o r  
long periods wi th  over 65 percent proton po1arizat;on. 
. 
I n  order  t o  measure t h e  proton po la r i za t ion  we measure t h e  s i g n a l  s i z e  
. , - - -  - 
i n  a n o r m 1  nuclear-magnetic-resonance (NMR) de tec to r .  I n  f a c t ,  we i n t e g r a t e  
. * 
t h e  s i g n a l  s i z e  over a band of f requencies 'conta in ing t h e  proton resonance i n  
order t o  ge t  a number whlcli i s  p r o p o r t i o n h  t o  t h e  proton po la r i za t ion .  Since 
it i s  d i f f i c u l z  t o  c a l i b r a t e  t h e  gain  of t h e  de tec t ion  system i n  absolute  terms, 
we use t h e  th?rmzl-equilibrium po la r i za t ion  (observable when t h e  microwaves are 
not present)  a s  a known p o l a r i z a t i o n  wi th  which t h e  system can be ca l ib ra ted .  
We may put t h i s  i n  o ther  terms by saying that we Calculate t h e  thermal-equilibrium 
p01zr:iz:iticii fran the  Bollizmzrr: -i'~c';o r mi. then mult iply t h i s  by t h e  ob- 
cc:rvd ,~r?nhncem::nt of pc l a r i z a t i on  ti: fietermine the  degree of po la r iza t ion  
w h l l l e  t h e  m:;crox.ra.vc:s arc turncdi on. 
O u r  t a r g e t  i s  of t h e  simplest  possible constructian,  and it i s  the re fore  
somewhat reasonable t o  use it f o r  t h e  purposes of i l l u s t r a t i o n .  The desired 
homogi;r,city of' li.l;~y;ncti.c i"ie1.d (1 pus:; un~ .~~ormi ty  n  18,000 was achieved 
by t he  simp:Ll_. apcdic:nt of making l a rge  i ron  poles qu i t e  f l a t  and plane. A 
more soph is t  i c s t ed  design has been used Sy Abragairi', ~ o r g h i n i  , Roubeau, and 
$ 
l i y t ~ x ,  ~ l s  siiown i n  Pig.  2; t h i s  k:;:jgi1 IL::~:'~; ab~ .pcd  poles imde of a high-flux 
cobal t  a l l o y  t o  achieve good hornogenzity and at  t he  same time maintain a r a the r  
open s t r u c t u r e  f o r  countlng out-going p a r t i c l e s  over a l a rge  s o l i d  angle.  T h i s  
f igure  3150 shows t he  (horizontal  ) cryos'iat with t h e  liquid-helium dewar c lose  
by. This i s  a very beau t i f u l  method of construcki.on, though I be l ieve  the re  
u.1.~ . . ; I  ! i l l i  : : : . ~~ 'k j . t  :I.!: LJ ~.::;.Lgn pr0bler11::; u.:;::;~~:i.i.i.t,I:d w i t h  ,the behavior 01' l i q u i d  helium 
T i  s.2 I would advise someone who was s t a r t i n g  a new polarized t a r g e t  construction 
cithcr t o  use a simpler const ruct ion o r  t o  s t a r t  with an  exact copy of t h e  
Frei:ch t a r g e t .  
O u r  own t a r g e t  i s  extremely simple i n  t h a t  t h e  l i qu id  helium system i s  
r e a l l y  j u s t  a n  ordinary dewar. This dewar i s  f i l l e d  i n  batches of about 20 
litax, abou-t once each four  hours during operation. The pumping on t he  l i q u i d  
hLc:.liusn systein t o  keep the  temperature a s  low a s  1 degree i s  accomplished by two 
. -i<i;oi;s 'blowers backed up by a l a rge  Kinney pump. 
Now 1 ~ ~ o u l d  i k e  t o  avoid combing over detai$s of t he  t a r g e t  const ruct ion 
21-13 r z s t r i c t  my a t t e n t i o n  f o r  t h e  moment t o  those  spec ia l  p roper t i es  of polar- 
ized proton t a r g e t s  t h a t  tend t o  l i m i t  t h e i r  usefulness o r  give r i s e  t o  t h e  need 
for spec: a1 techniques. 
A s  we have s a i d  e a r l i e r ,  t h e  usual  t a r g e t  mater ia l ,  LMN, contains only 3 
gcrcinL by weight of hydrogen, s o  it i s  c e z ~ r l y  e s s e n t i a l  t o  use some kine-  
nidtic rncthod of d i ~ t i n ~ u i s h i n g  t h c  ;cacic,ring processes  on f r e e  hydrogen from 
ihosc  occu r r ing  i n  heavy n u c l e i .  Tho m o s t  commonly used method i s  i l l u s t r a t e d  
i n  F ig .  3 .  Thc b e a m  i s  shown i n c i d c n t  f r ~ m  t h c  l e f t  upon t h e  c r y s t a l s  of LMN 
l o c a t e d  a t  t h e  cen te r  of t h e  magnet. E l a s t i c  s c a t t e r i n g  of beam p a r t i c l e s  upon 
protons can be d i s t i n g u i s h e d  by s e l e c t i n g  events  i n  which two charged p a r t i c l e s  
emerge frotr~ t h e  t a r g e t  t h a t  a r e  coplanar  wi th  t h c  i n c i d e n t  beam and t h a t  a l s o  
have t h e  expected c o r r e l a t i o n  betvrcen thc e x i t  ang le s  that i s  expected f o r  e l -  
a s t i c  s c a t t e r i n g  on hydrogen. This  method would t y p i c a l l y  be used f o r  measure- 
3 - 
merits of p c l a r i z a t i o n  i n  e l a s t i c  x -p, TC -p, o r  p-p s c a t t e r i n g .  I n  t h e  simple 
* 
srrangi :mo~t  showtl i n  F ig .  j t h e r e  are 10 upper c o h t e r s ,  U t o  UlO, each of 1 
whjzn m y  count i n  coincidence wi th  any of t h e  1 0  down-array counters ,  Dl t o  
DlO. ( ~ 1 1 ~  o t h e r  counters  shown a r c  used t o  s e l e c t  poss ib l e  i n t e r e s t i n g  events ,  
but may b~ ignored i n  t h e  prescnL di:cu:;sion.) This  counter  system counts only  
C D ~ ~ ; L ~ L L ~  v c r i t s  because t h e  common plane contai-ning t h e  U and D counters  a l s o  
con-cains t h e  beam. We may s e l e c t  froin t h e  co inc idence  events  those  t h a t  cor -  
respond t o  t h ?  k i n m a t i c s  f o r  e l a s t i c  s c a t t e r i n g  on hydrogen a s  may be shown 
, .-- , .. 
with  t h e  h e l p  o f  F ig .  4. Here coincidence even t s  involv ing  t h e  upper counter  
u6 2 r z  shown f o r  va r ious  down counters .  The peak i n  number of counts  i n  counters  
mz. 
D-. and D4 i s  due t o  s c a t t e r i n g  pro tons ,  while  t h e  lower reg ion  i s  due t o  s c a t t e r i n g  
2 A 
;Jn s o ~ i p l e x  n u c l e i ,  as determined by t a k i n g  counts  while  t h e  LMN c r y s t a l s  are 
;-L:placed by a dummy t a r g e t  con ta in ing  similar 2lements bu t  i n  which t h e r e  i$ 
hyurogen. I n  t h e  r eg ion  of t h e  hydrogen peak you w i l l  n o t i c e  t h e r e  a r e  two 
l ; i s to~i*nms uperimposed. One o f  t h e s e  corresponds t o  one d i r e c t i o n  of  t a r g e t  
p o l a r i z a t i o n  and the  o t h e r  t o  t h e  oppos i t e  d i r e c t i o n  of p o l a r i z a t i o n .  The 
difPcr(2nce i n  count ing  r a t e s  f o r  t h e  two d i r e c t i o n s  of t a r g e t  p o l a r i z a t i o n  
c o n s i i t u t c s  t h e  asymmetry t o  be  measured. Notice ' t h a t  i n  t h e  r eg ion  of t h e  
hydrogen peak t h e s e  c c u a t s  ars 3.2~;~ 73 percent  due t o  hydrogen and 25 per-  
ceiit due t o  background f r o n  hzz -q  :l~i:.ent; o r  poss ib ly  from processes  o t h e r  
t h a n  e l a s t i c  scattering. These nw:bers arc. f a i r l y  t y p i c a l ,  though when we 
a t t empt  t o  make measurements a t  ang le s  where t h e  e l a s t i c  c ros s  s e c t i o n  i s  very 
smnll  t h e  hydrogen peak ,my not  s t and  auk a t  a l l  w e l l  over t h e  background. We 
have been a b l e  t o  i a k e  measuremc-ats whenever t h e  e l a s t i c  d i f f e r e n t i a l  c r o s s  
s e c t i o n  i s  st l e r s t  100 microbarns per s t e r a d i a n  i n  t h e  cm system. 
I should say  t h a t  we p r e s e n t l y ,  use  a  more co';;;hlicated system t h a n  t h e  one 
. c; 
I h a m  shown. The upper coun te r  a r r a y ,  i n s t e a d  of  being j u s t  one row o f  t e n  
coun te r s ,  i s  a dou-bie a r r a y  of c rossed  c m n t e r s ,  30 counters  by 10 counters .  
S i m i l a r l y  t h e  lower coun te r  a r r a y  i s  30 couriters by 6 counters .  With t h e s e  
more e l a b o r a t e  a r r a y s  t h e  t o t a l  system involves  about  100 counters  and t h e  
events  are recorded wi th  t h e  h e l p  of a small on - l ine  computer (PDP-5). The 
c0rnpuLt.r i:; used nminly as a da ta-handl ing  device  -- it i s  not  used t o  c a l c u l a t e  
d i l ' f e r e n t i a l  c ros s  s e c t i o n s  o r  p o l a r i z a t i o n s .  The purpose o f  t h e  computer is 
t o  r e c o r d  
serves t o  
the even t s ,  abou t  100 a t  a time, on computer a l s o  
.& &L 
d i s p l a y  in fo rma t ion  W t h a t  shown en-%>: ' s o  t h a t  we may 
A 
be reassured t h a t  t h e  system i s  working normally. 
. - , . -.--. - 
The system j u s t  d e s c r i b e d  1 s  l i m i t e d  t o  s c a t t e r i n g  angles  t h a t  g ive  a 
r e c o i l i n g  pro toa  of  s u f f i c i e n t  range t o  be counted i n  t h e  lower a r r a y  of count- 
e r s .  Th i s  u s u a i l y  means t h a t  t h e  r e c o i l i n g  proton must have a t  least 350 M ~ V / C  
mornenTum i n  the l a b o r a t o r y  frame. 
IC i s  p o s s i b l e  t o  make measurements at  small.& ang le s ,  b u t  a d i f f e r e n t  
;ys ten  must be  used.  In p r i n c i p l e  it should b e  2 o s s i b l e  t o  d i s t i n g u i s h  e l -  
~ s t 3 . c  s c a t t e r i n g  on hydrogen by observing t b e  c o r r e l a t i o n  of momentum wi th  
a n g l e  f o r - t h e  outgoing (beam) p a r t i c l e .  This  a l lows  only  a one -cons t r a in t  f i t  
f o r  s c a t t e r i n g  on hydrogen, and t h e  background t ends  t o  be l a r g e r .  Fig. 5 shows 
the resat of attempting this by l~okirg at the differential range spectrum of 
particles (230 MeV pions) acattere6 &t a smcill angle. The two curves show the 
results for target crystals and For dummy target, the difference showing the 
&astic scattering on the hydrogen in the crystals. However, notice that the 
counting rate at the hydrogen peak is only 20 percent due to hydrogen, the re- 
mainder being background. This greatly limits the accuracy with which a hydrogen 
asymmetry can be determined. 
As another example of a one-constraint fit, Fig. 6 shms the result of 
+ -!- -k 
attempting to distinguish the reaction fi p --+I( C . The hydrogen peak is evident, 
but the counting rate at the hydrogen peak is only half due to hydrogen even 
though the target is in this case CH2. The background is several times worse 
when the h4N target is used. 
At the Stony Brook conference Sonderegger described a measurement of polar- 
ization in z - - ~  charge-exc'nange scattering in which the chargerexchange process 
on hyurogen at mall angles was recognized by the relatively slow neutron pro- 
0 duced. The gamma rays fromthe fl were also observed in spark chambers. This 
method promises to be quite important in the next few years. 
There seems to be no reason that n-p polarization experiments cannot be 
fairly readily done with existing polarized targets, particularly if the inci- 
dent neutron energy can be known well, possibly by a time-of-flight technique. 
We have used the polarized target for a measurement of C in p-p scattering. 
nn 
- In this case a polarized proton beam is incident on the polarized proton target. 
-3. dou-ble difference must be taken between four observed counting rates to measure 
t h l s  quantity, which distinguishes scattering with parallel proton spins from 
scattering with spins antiparallel. 
by combining techniques that are already perfectly well known we should 
ha 
be a;-rle to do experiments in which we start with a polarized proton as target, 
make a s c a t t e r i n g  procezs,  2112 ;;her, i n v s : s - ~ i ~ ; a t e  t h e  p o l a r i z a t i o n  s t a t e  of t h e  
r e c o i l i n g  pro ton  a f t e r  t h e  scat~eri1;;l;. Thl:; involves  r e s c a t t e r i n g  t h e  r e c o i l  
proton,  b u t ,  oC coursc ,  thi: ;  ha.:; b~%l:n clone i n  rmny cxperirncnto. It i s  somcwhat 
ha rde r  when t h e  f i r s t  t a r g e t  i s  a polari .z& pro ton  t a r g e t  because t h e  po la r i zed  
t a r g c t  i s  u s u a l l y  somcwhat sma l l e r  i n  hydrogen content  t h a n  t h e  t a r g e t s  p re -  3 
v ious ly  usca. I uncic-rstand t h a t  tn t .  p'ilysj-cists &t Saclay a r e  now prepar ing  t o  
do j u s t  such a n  c x p e r i r n ~ n ~ .  They w i l l  be measuring t h e  Wolfenstein parameters 
R and A f o r  fi-g s c a t t m i n g .  To facilitate t h e s e  measurements it i s  important  
t o  have a diff; .rcnt magnet geornt.try t han  has u s u a l l y  been used. Helmholz c o i l s ,  
probably cuperconducting, seem most su-itaolc- . 
At  th:. p r e sen t  t ime t h e r e  a r e  ri number of  d i f f i c u l t i e s  w i th  p o l a r i z e d  tar-  
g e t  i:cgerimc.nt s . 
1. Hydrogen (;vents must bc sepa ra t ed  from heavy-nucleus even t s ,  
2. E x i s t i n g  t a r g e t s  t e n d  t o  be  r a t h e r  t h i c k  when measured i n  
r a d i a t i o n  l e n g t h s .  One inch  of LMN c o n s t i t u t e s  aboilt one- 
A. ~ . i . ~ t h  J> of a r a d i a t i o n  l e n g t h .  This  means m u l t i p l e  s c a t t e r i n g  
i s  bad ana e l e c t r o n  experiments a r e  extremely d i f f i c u l t .  
j. Tne LMN t a r g e t  i s  e a s i l y  damaged by ra .diat ion.  A dose of 
loi2 pro tons  pe r  square  cent  i a e t e r  reduces t h e  p o l a r i z a t i o n  
t o  about  h a l f  i t s  p-evious va lue .  Th i s  i s  not  i n t o l e r a b l e  
f c r  s t r o n g  s c a t t e r i n g  processes  b u t  makes e l e c t r o n  exper- 
iments extremely Imrd. 
4. Proton  y ~ o l a r i z a t i o n  need not  be t h e  same i n  a l l  p a r t s  of  t h e  
sample, e i t h e r  because of  con-uniform microwave d e n s i t y  o r  
because of r a d i a t i o n  darnage o r  l o c a l  h e a t i n g  of  t h e  c r y s t a l s .  - 
I n  p r i n c i p l e  t h i s  need cause no e r r o r  b u t  i n  p r a c t i c e  it i s  
bzrd t o  arrange completely w i f  o m  i r r a d i a t i o n  of t h e  tar- 
ge t  c ry s t a l s  by the  i n c i d e ~ i ;  bear,:. For the  same reason care 
m u s t  usual ly  be taken t o  azs,x-e i.hat the  I'iMR system i s  equally 
s ens i t i ve  t o  a l l  p a r t s  of the t a r g e t  c ry s t a l s .  
5 .  Most experiments su f f e r  because t h e  absolute degree of tar- 
ge t  po la r iza t ion  is uncertain by about 10 percent. Present 
methods should allow 5 percent accuracy but g rea t  care i s  
needed t o  achieve t h i s  mu t ine ly  . 
6. O u r  px-esent t a r g e t  requirzs  a 15-minute delay each time t h e  
po la r iza t ion  d i r ec t i on  i s  r e v u s c d .  Since every experiment 
requ i res  a comparison of comt ing  r a t e s  with t he  two d i rec -  
t i o n s  ~f pola r iza t ion  t h i s  represents an important l o s s  of 
ef fect iveness  when the  d i rec t ion  i s  reversed once every two 
hours . 
7. -42 experiment wi th  a  polar ized t a r g e t  i s  r a the r  l i k e  two ex- 
periments being ca r r i ed  on a t  once. A t  l e a s t  one ex t ra  man 
i s  required t o  operate t h e  t a r g e t .  
There i s  promise that some of these  d i f f i c u l t i e s  can be ameliorated i n  
J. 7. LA<. near fuALure . 
Tzrgets with higher concentrat ion of hydrogen a r e  known t o  be possible.  
Wagner and Haddocii have recen t ly  reported t h a t  30 percent po la r iza t ion  can con- 
s i s t e n t l y  be had i n  a  frozen toluene t a r g e t  su i t ab ly  doped. This i s  very 
promising, p a r t i c u l a r l y  f o r  c e r t a i n  experiments t @ t  a r e  present ly  l imi ted 
Isy t hz  allowable th ickness  of  t h e  t a r g e t  as measwed i n  rad ia t ion  lengths .  
Arthermore,  hydrocarbon t a r g e t s  may, according t o  'carson J e f f r i e s ,  be many 
tirile:; Less s ens i t i ve  t o  r ad i a t i on .  
Methods exist t h a t  should al low the  d i rec t ion  of po la r iza t ion  Go be 
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revc_r,,cd i n  L i ' r zc t ion  of a s e c ~ ~ i d .  Z i t h e r  " a d i a b a t i c  f a s t  passage" through 
tha p r o t ~ n  resonance  GT a lgO-&gr:u ga lsc< o r  rf should do t h e  job, as i n  the 
I-Iahn method of spin echoc-1.s. 
S c v e r a l  new approaches t o  po la r ixcd  t a r g e t s  seem -to be on t h e  horizon.  
J e f f r i e s  has ~ a d e  a s p i n  r e f r i g e r a t o r .  It works r a t h e r  like a Carnot engine. 
The d i r z c t i o n  cf t h e  field i s  periodically a l t e r e d  wi th  r e s p e c t  t o  t h e  c r y s t a l  
axes. This  rsodulates t h e  g f a c t o r  of t h e  e l e c t r o n s  and hence t h e  e l e c t r o n  tem- 
pcrat;u.re in mkch t h e  same way that ,  a gas temperature can be nlodulatcd w i t h i n  
a c y l i n d e r  w i th  p i s t o n .  Th i s  development promises t o  remove t h e  s t r i n g e n t  r e -  
quirc:.rrxxLs or, cl?nstancy of magnlrtic: !':it?ld i n  space and i n  t ime.  
3 4  I suppcs? b r u t e  f o r c e  methods m y  evzntl.mlly be f a i ~ l y  good. New He -He 
dilutl..- "ii r u ~ ' r i g e r a t o r s  work t o  0.1 degi'ee. This temperature,  i f  maintained i n  
a f i e l d  of 100 k i logauss ,  would g ive  10 percent  pro ton  p o l a r i z a t i o n  a t  thermal 
cq~dl : ibr ium.  Thc: sal.np1.e might be LiII,  bu t  probably not  H because of  t h e  2 ' 
or iho-yara  compl ica t ions .  
It seems t h a t  we should  expect  that new sample m a t e r i a l s  w i l l  be develpped 
t h a t  w i l l  improve c u r r e n t  methods, and new methods a r e  c l e a r l y  be ing  devd oped. 
I n  the near f u t u r e  much b e t t e r  p o l a r i z e d  targe'is should be i n  use f o r  a v a r i e t y  
of experiments.  
FIGURE CAPTIONS 
Fig.  1. Energy l e v e l  diagram f o r  a 5ystem composed of one proton 
and one "e lec t ron."  The l e v e l  spacings a r c  not drawn t o  s c a l e .  
Fig. 2. The po la r i zed  proton t a r g e t  of Abragam, Borghini, Roubeau, 
and Ryter ,  with hor izon ta l  c ryos ta t  and r a t h e r  opm-magnet construction.  
This t a r g e t  can opera te  continuously as l ~ p g  as t h e  l i q u i d  helium lasts 
i n  thc  dewar. 
. 
Fig.  3. Experimental arrangement used by Grannis e t  a i .  t o  d i s t ingu i sh  
e l a s t i c  s c a t t e r i n g  on hydrogen from ~ t h e r  s c a t t e r i n g  processes occurring in 
t h e  polar ized proton t a r g e t .  U and D a r e  "over-lay" counters t h a t  cover 
0 0 
t h e  counters nmbered 1 through 10. D i s  a counter c lose  t o  t h e  t a r g e t .  d 
C i s  a Cherenkov counter .  
Fig.  4. Coincidence counts between t h e  up-array counter U and various 6 
down-array counters .  The peak i n  counters D and D4 i s  due t o  e l a s t i c  3 
scat-t  e r ing  on protons . 
Fig. . Counting rate i n  a d i f f e r e n t i a l  range telescope as a function 
of copper a5sorber th ickness  when low-energy charged pions a r e  detec ted  a t  
a small angle t o  t h e  beam. The s o l i d  curve follows po in t s  taken with t h e  
r q u l a r  t a r g e t  c r y s t a l s ,  t h e  dot ted  curve with a dummy t a r g e t ;  t h e  d i f ference  
i s  d u ~  t o  hydrogen. 
+ + + Fig. 6.  Detection of t h e  process x p -+K C by observing t h e  range , -- -. h- 
+ 
and r=x i t  angle of K mesons from a CH t a r g e t .  The hsavy-element background 2 .I 
i s  l a r g e  even i n  CH it i s  even worse f o r  a tar& of LMN. 2 ;  
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T h i s  r e p o r t  was p r e p a r e d  a s  an  a c c o u n t  o f  Government 
s p o n s o r e d  work.  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commission:  
A .  Makes any  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  any  i n f o r m a t i o n ,  appa -  
r a t u s ,  me thod ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  
B. Assumes any  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages r e s u l t i n g  from t h e  u s e  o f  any i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  
As u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  on b e h a l f  o f  t h e  
Commission" i n c l u d e s  any employee  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  employee  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  employee  o r  c o n t r a c t o r  o f  t h e  Commission,  o r  employee  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commiss ion ,  o r  h i s  employment w i t h  s u c h  c o n t r a c t o r .  
